TiSiN/AlN nanomultilayers with different thicknesses of AlN layer were deposited on 304 stainless steel by magnetron sputtering system. X-ray diffraction, nanoindentation tester, atomic force microscopy, and friction wear tester were used to characterize microstructure and properties of TiSiN/AlN nanomultilayers. e results show that TiSiN/AlN nanomultilayers are face-centered cubic structures and exhibit a strong preferred orientation on (200) plane. e diffraction peaks of TiSIN/AlN nanomultilayer shift to a small angle. When the thickness of the AlN layer is 2 nm, the peak is highest, and the shift degree is biggest. e alternating tension and compression stress fields are formed along the growth direction of TiSiN/AlN nanomultilayers and increase the strength of the namomultilayers. When the thickness of the AlN layer is 2 nm, the maximum hardness and Young's modulus of TiSiN/AlN nanomultilayers are, respectively, 32.8 GPa and 472 GPa, and the smallest roughness is 33.4 nm. But the friction coefficient is smallest when the thickness of the AlN layer is 1.5 nm.
Introduction
e development tendencies of advanced manufacturing technology are high speed, high precision, greening, and intelligent. ere is a higher demand for tools in dry cutting. e materials of tool coatings are constantly updated, from binary coating and ternary coating to multilayer coatings [1] . Compared with the monolayer coating, the nanomultilayers deposited alternatively with two or more kinds of materials have higher hardness and good wear resistance. e modulation period (namely bilayer thickness) of namomultilayers is the thickness of the two adjacent layers. e nanomultilayers are one of the hot points in tool coatings [2] [3] [4] [5] [6] . Under the "template effect" of CrAlN layer, SiO 2 grow epitaxially with CrAlN and CrAlN/SiO 2 nanomultilayered films exhibit a face-centered cubic of CrN phase with (200) prefer orientation. When the thickness of SiO 2 layer was 0.7 nm, the maximum values of hardness and Young's modulus reach 38.9 GPa and 425 GPa, respectively [7] . VN layers were inserted periodically in TiAlN layers. e friction coefficient of TiAlN film is about 0.9, while one of TiAlN/VN nanomultilayers can be decreased significantly and reaches a minimum value of ∼0.4 [8] . e TiN/TiAlN nanomultilayer coating is preferentially grown on the (111) crystal plane, and the hardness and Young's modulus are, respectively, 38.9 GPa and 519 GPa at a modulation period of 164 nm [9] . erefore, many factors such as the composition and the modulation period affect the coating properties. However, research studies on nanomultilayers mainly focus on the synthesis of two single-phase materials. e microstructure and properties of nanomultilayers synthesized with twophase or multiphase compounds are still unclear. So, it has become a research hotspot of nanomultilayers. TiSiN coatings have a two-phase nc-TiN/Si 3 N 4 structure (amorphous Si 3 N 4 phases surround crystalline TiN phases). A small amount of Si element is added to TiN to prepare a TiSiN nanocomposite, which improves the morphology and hardness of the films [10] [11] [12] [13] [14] . e TiVN/TiSiN multilayers have a maximum hardness of 37 GPa, Young's modulus of 315 GPa, and a minimum coefficient of friction of 0.24, which is superior to TiVN and TiSiN films [15] . e NbN/ CrSiN nanomultilayers exhibit columnar crystal, and the CrSiN layer is transformed into a face-centered cubic structure under the "template effect" of the NbB layer. When the Si content is 12%, the hardness and Young's modulus of the NbN/CrSiN nanomultilayers are, respectively, as high as 31 .92 GPa and 359.3 GPa [16] .
e TiSiN/Ag nanomultilayers contain nc-TiN, nc-Ag crystal phase and Si 3 N 4 amorphous phase with a hardness of 30.56 GPa, and Young's modulus of 513 GPa, which can effectively prevent crack propagation and fracture resistance [17] . erefore the morphology of TiSiN in TiSiN nanomultilayers is controversial and needs further study. TiSiN/AlN nanomultilayers with different AlN layer thicknesses were prepared on 304 stainless steel using a vacuum multitarget magnetron sputtering system. X-ray diffractometer, nanoindentation tester, atomic force microscope, and friction-wear tester were used to characterize and analyze microstructure and properties of namomultilayers. e effects of the thickness of the AlN layer on microstructure and hardness, surface roughness, friction, and wear properties were investigated.
Experimental Details

Materials of Substrates and Targets.
e material of the substrate is 304 stainless steel, the diameter is Φ20 mm, and the thickness is 3 mm. e substrates are polished. e substrates are cleaned by the ultrasonic cleaner using ethanol solution.
e targets are the TiSi alloy target and the Al target. e Si content of the TiSi target is 10%, and the purity of Al target is 99.9%. e target size is V50.8 mm × 2 mm.
Specimens
Preparation. TiSiN/AlN nanomultilayers are deposited on 304 stainless steel substrates using a JCP-350M2 vacuum multitarget magnetron sputtering system. e geometrical arrangement of magnetrons is shown in Figure 1 . e substrates are floating, and no bias. e substrate-to-target distance is 80 mm. e vacuum chamber is evacuated to a base pressure of 3.0 × 10 − 3 Pa. e total operating pressure is maintained at 0.3 Pa, with flow rates of nitrogen, argon of 3 ml/min and 9 ml/min, respectively. e Al target and the TiSi target are, respectively, controlled by a DC and RF power of 110 W and 80 W, and are sputtered for 5 min to remove the oxide layer and impurities of the targets. e substrates are etched with argon for 15 min at bias voltage of − 700 V. e thicknesses of TiSiN layer and AlN layer are controlled by the alternate opening and closing of the TiSi target and the Al target shutters. e deposition rates of TiSiN and AlN are about 0.046 nm/s and 0.134 nm/s, respectively. e opening time of the TiSiN target shutters is 21.7 s, and the opening times of the AlN target are 7.5 s, 11.9 s, 14.9 s, 18.65 s, and 22.4 s, respectively. In order to improve the adhesion between the film and the substrate, the TiN layer with 20 nm is deposited as the first layer. en the AlN layer and the TiSiN layer are alternately deposited. e TiSiN layer is the last layer at coating surface. e total thickness of the nanomultilayers is about 1.2 μm. e TiSiN film and the TiSiN/AlN nanomultilayers with different AlN thickness are deposited on 304 stainless steel substrates (shown in Table 1 ).
Nanomultilayer Characterization.
e microstructure of TiSiN/AlN nanomultilayers is investigated using a Rigaku X-ray diffractometer with a copper target Cu-Kα. e wavelength of Cu-Kα is 1.5406Å, the current is 40 mA, the voltage is 40 kV, the scanning speed is 8°(s), the scanning step size is 0.02°, and the scanning range is 10°∼80°. e hardness and Young's modulus of TiSiN/AlN nanomultilayers are measured using a nanoindentation tester, with the load of 10 mN, the loading rate of 20 mN/min, the approach speed of 1000 nm/min, and the load holding time of 5 s. e roughness of the nanomultilayers is observed using a CSPM-5500 atomic force microscope of Guangzhou Prima Technology Co., Ltd. e scanning method is contact scanning, the scanning frequency is 2 Hz, and the scanning range is 2000 nm × 2000 nm. e tribological performance is evaluated by CFT-I material surface performance tester of Lanzhou Zhongke Kaihua Technology Development Co., Ltd. e 6 mm-diameter GCr15 ball is the counter material. e experimental load is 80 g. e linear speed is 40 mm/s, and the running length is 5 mm. e test time is 5 min. e electronic balance with an accuracy of 0.0001 g used to measure the quality of the specimens before and after wear test.
Results and Discussion
3.1. Structure. Figure 2 shows the XRD patterns of TiSiN film and TiSiN/AlN nanomultilayers with different AlN layer thicknesses. e structure of TiSiN/AlN nanomultilayers with different modulation periods is significantly different. TiSiN/AlN nanomultilayers exhibit NaCl facecentered cubic structures with no obvious orientation on the (111) crystal plane and exhibit preferential orientation on the (200) crystal plane because the nanomultilayers are sputtered at low values of energy E bi controlled by the substrate bias [18] . e peaks of TiSiN/AlN nanomultilayers shift to a small degree in Figure 2 . When the thickness of AlN layer is 2 nm, the intensity of the diffraction peak corresponding to the nanomultilayers is the highest, and the largest shift angle is 0.14°. According to the Bragg's equation [19] [20] [21] , the interplanar spacings increase from 0.2236 nm to 0.2242 nm.
Many researches were conducted on CrAlN/SiO 2 [6] , VN/ TiB 2 [22] , ZrN/SiN X [23] , TiAlN/AlN [24] , TiSiN/TiN [25] , TiSiN/CrAlN [26] , and TiAlN/TiN [27] . e results showed that coherent growth occurs between the two layers of the nanomultilayers. In Figure 2 , when the thickness of the AlN layer is less than 2 nm, the AlN layer and TiSiN layer grow epitaxial, which promotes the growth of TiSiN/AlN nanomultilayer structure on the (200) crystal plane, so the diffraction peak of the XRD spectrum increase. However, when the thickness of AlN layer is thicker than 2 nm, the coherent growth structure is broken. e microstructure of TiSiN/AlN nanomultilayers alternately grows as "brick wall" modulation structure [28] , so the diffraction peak lower in Figure 2 . e lattice constant of AlN is 0.2491 nm and bigger than the one of TiSiN. When the AlN layer and TiSiN layer grow epitaxial, AlN layer transforms to a face-centered cubic structure under the template effect of the TiSiN layer [22] [23] [24] [25] [26] [27] . e lattice constant of the TiSiN layer increases and the one of AlN layer decreases at the interface. So the lattice constant of TiSiN/AlN nanomultilayers is bigger than TiSiN film, which causes the degree of diffraction peak to shift to a small angle. Figure 3 
Hardness and Young's Modulus.
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When the thickness of the AlN layer is larger than 2 nm, the hardness and Young's modulus of TiSiN/AlN nanomultilayers decrease with the thickness of the AlN layer. e interfacial strengthening of nanomultilayers has different strengthening mechanisms such as Koehler models [29] , Hall-Petch effect [30] , and alternating stress field effect [31] . In Koehler models, dislocations have different line energy densities when the two modulation layers have different elastic moduli. During the deposition of TiSiN/AlN nanomultilayers, the dislocations pass through the interface between TiSiN layer and AlN layer and are hindered by the mirror force applied to the interface of the multilayers which causes the strengthening of the nanomultilayers. However, when the thickness of the AlN layer exceeds a certain range, the interface will hinder the dislocation motion, make it unable to penetrate AlN layer growth. It will destroy the epitaxial growth of TiSiN layer and AlN layer.
en the hardness reduces [7] . e change in the thickness of the AlN layer has effects on the growth of the AlN columnar crystal along the growth direction of TiSiN/AlN nanomultilayers [32] . erefore, when AlN layer and TiSiN layer are alternately deposited, the difference in the lattice constant of the two layers causes stress at the interface. AlN is a close-packed hexagonal structure with a larger lattice constant, so there is a compressive stress in AlN layer. e lattice constant of TiSiN layer is relatively small, so there is tensile stress. erefore, the tensile and compressive alternate stress field with a modulation period is formed along the growth direction of nanomultilayers. When the thickness of the AlN layer is 2 nm, the diffraction peak of TiSiN/AlN nanomultilayers on the XRD pattern is shifted to a small degree, and the alternative stress at the interface between TiSiN layer and AlN layer is the largest. According to alternating stress field effect, nanomultilayers that are comprised of two different lattice constant materials have a lattice mismatch in the two modulation layers. e lattice distortion occurs at the interface. e tensile and compressive stress field has a hard effect on the nanomultilayers [24] . Figure 4 shows the relationship between the surface roughness of TiSiN/AlN nanomultilayers and the thickness of the AlN layer. With the thickness of the AlN layer, the surface roughness of TiSiN/AlN nanomultilayers decreases first and then increases. When the thickness of the AlN layer is 2 nm, the surface roughness of TiSiN/AlN nanomultilayers is 33.4 nm, and the surface is the smoothest. e roughness of TiSiN/AlN nanomultilayers with 3-nm thick AlN layers is biggest because the surface roughness of TiSiN/ AlN nanomultilayers is closely related to the nucleation process. When the thickness of the AlN layer is 3 nm, the AlN layer has a long deposition time and a large grain size. Figure 5 shows the relationship between the tribological properties of TiSiN film and TiSiN/ AlN nanomultilayers and the thickness of the AlN layer. e friction coefficient of TiSiN film is bigger than the ones of TiSiN/AlN nanomultilayers. With the thickness of the AlN layer, the friction coefficient of TiSiN/AlN nanomultilayers decreases firstly and then increases. When the thickness of the AlN layer is 1.5 nm, the friction coefficient is the smallest and very stable. When the thickness of the AlN layer is 2.5 nm, the friction coefficient is the largest, and it increases rapidly when the experimental time is more than 4 min. e reason is that the film breaks and falls off the substrate. When the thickness of the AlN layer is 1 nm, 2 nm, and 3 nm, the friction coefficients are similar. Figure 6 shows the relationship between the abrasion loss of TiSiN/AlN nanomultilayers and the thickness of AlN layer. With the thickness of the AlN layer, the abrasion loss of TiSiN/AlN nanomultilayers decreases firstly and then increases. When the thickness of AlN layer is 1.5 nm, the abrasion loss is the smallest. e results are consistent with the friction coefficients of TiSiN/AlN nanomultilayers. Figure 7 shows the wear track morphology was observed under an optical microscope after the friction and wear test of TiSiN/AlN nanomultilayers. When the thickness of the AlN layer is 1 nm, 1.5 nm, and 2 nm, the surfaces of nanomultilayers have furrows with different depth and obvious plastic deformation. e wear mechanism is abrasive wear. When the thickness of AlN layer is 1.5 nm, the wear tracks are relatively shallow and narrow, which is consistent with the small and stable friction coefficient in Figure 5 . When the thickness of the AlN layer is 2.5 nm and 3 nm, the nanomultilayers wear sharply. e surfaces have deeper furrows and severe adhesive wear. Especially when the thickness of AlN layer is 2.5 nm, wrinkles appear on the right edge of wear track which indicates that the nanomultilayers are worn through. Because the nanomultilayers have higher hardness, the contact stress causes the nanomultilayers peeling from the substrate. So the friction coefficient suddenly increases when the wear time is more than 4 min in Figure 5 . When the thickness of the AlN layer is 3 nm, the initial wear friction coefficient is larger because the surface roughness is largest. e friction force is relatively bigger, so the wear track shows severe abrasive wear and adhesive wear. 
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